We have measured the rate of the initial electron-transfer process as a function of temperature in reaction centers in a native strain of the photosynthetic bacterium Rhodobacter sphaeroides and two mutants generated by sitedirected mutagenesis. In the mutants, a tyrosine residue in the vicinity of the primary electron donor and acceptor molecules was replaced by either phenylalanine or isoleucine. The electron-transfer reaction is slower in the mutants and has a qualitatively different dependence on temperature. In native reaction centers the rate increases as the temperature is reduced, in the phenylalanine mutant it is virtually independent of temperature, and in the isoleucine mutant it decreases with decreasing temperature. At 77 K, the electron-transfer reaction is "30 times slower in the isoleucine mutant than in the native. These observations support the view that tyrosine-(M)210 plays an important role in the electron-transfer mechanism. In the isoleucine mutant at low temperatures, the stimulated emission from the excited reaction center undergoes a time-dependent shift to shorter wavelengths.
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In purple photosynthetic bacteria, light initiates a series of electron-transfer reactions in a pigment-protein complex known as the reaction center (RC). X-ray crystallographic studies have shown that the pigments of the RC are arranged symmetrically on two protein subunits, L and M (1-3). Light absorption excites a bacteriochlorophyll dimer designated as P. Near P are two "accessory" bacteriochlorophylls (BL and BM), two bacteriopheophytins (HL and HM), and two quinones. The excited dimer (P*) transfers an electron to HL in "'3 ps (4) (5) (6) . Why excitation reduces only one of the two bacteriopheophytins is not yet clear (7, 8) . Moreover, no consensus exists on the function of the accessory bacteriochlorophylls. Although BL is located between P and HL, several ultrafast spectroscopic studies (4, 5, 9) have given no indication that a P+Bj radical pair forms as an intermediate in the electron-transfer reaction. One recent study, however, offers evidence for such an intermediate (6) .
Although the L and M subunits have similar primary and secondary structures, they also have several notable differences. In the crystal structures of Rhodobacter sphaeroides and Rhodopseudomonas viridis RCs, a tyrosine residue [(M)Y210 in Rb. sphaeroides, (M)Y208 in Rp. viridis] is close to P, BL, and HL ( Fig. 1) (1-3) . The corresponding residue on the opposite side is phenylalanine. Calculations based on the Rp. viridis structure suggest that electrostatic interactions with the tyrosine lower the energy of the state P+B-, thus aiding electron transfer along the L side (10) . In the RCs of the thermophilic bacterial species Chloroflexus aurantiacus, this tyrosine residue is replaced by leucine, which may explain the slower electron-transfer kinetics observed there (11) . Moreover, the aromatic ring of the tyrosine could act as a conduit for an electron, as has been suggested for electrontransfer processes in some heme proteins. These considerations lead naturally to employing site-directed mutagenesis to explore the factors that determine direction and rate of the initial electron-transfer reaction. Using picosecond absorption spectroscopy, we have measured the electron-transfer kinetics in RCs of native bacteria and of mutants in which tyrosine-(M)210 is replaced by phenylalanine-
Because raising the energy of P+B-L might be expected to alter the temperature dependence of the electron-transfer reaction, we also studied how the kinetics vary with temperature in the three RCs. Mutants with phenylalanine or leucine at position (M)210 also have been prepared recently by Gray et al. (12) .
EXPERIMENTAL PROCEDURES Oligonucleotide site-directed mutations were constructed by the phosphorothioate selection method (13) . A 1.3-kilobase (kb) Sal I-Hind III DNA restriction fragment carrying the M gene of the bacterial puf operon (14) was ligated into M13 mpl9 phage. Synthetic oligonucleotides encoding variants in the (M)210 codon were hybridized to the single-stranded DNA, and a covalently closed heteroduplex DNA molecule was created by in vitro recombinant techniques (15) . The heteroduplexes were transfected into an Escherichia coli host, and the resultant phage plaques were screened for the presence of the desired mutation and absence of secondary mutations by dideoxynucleotide sequencing (16) . Mutant DNA fragments were recombined with the wild-type 5' end of the pufoperon and placed in a broad host-range expression vector (17) , which was crossed into a puf-deletion background of Rb. sphaeroides (18) . Exconjugants were selected on tetracycline (3 ug/ml), purified, and tested for photosynthetic growth. Mass cultures were grown in the dark at 34WC in 4-liter Erlenmeyer flasks filled to 80% capacity.
RCs from Rb. sphaeroides R-26 (a carotenoidless strain), the wild-type strain WS231, and the mutants were purified essentially as described for R-26 (4 The picosecond spectrometer was as described (4) , except that, after passing through the sample, the two probe beams were focused on the entrance slits of separate 0.25-m monochromators to disperse them onto linear diode arrays of 512 elements [Hamamatsu (Tokyo) type 2301-512Q]. This setup provided a 350-nm absorption spectrum on each laser flash. Good signal-to-noise ratios were achieved by averaging between 100 and 500 flashes. Background traces collected with the picosecond light blocked were subtracted from each raw spectrum before calculating difference spectra.
Kinetic data were fit by nonlinear least-squares analysis to a convolution of an "instrument" function and a theoretical function, with a wavelength-dependent time shift that was treated as an additional free parameter. The instrument function was generated by taking the first derivative of the signal at -850 nm (4) . The stimulated-emission signals from R-26 or WS231 RCs were fit well with a single-exponential decay plus a constant. With the (M)Y2101 RCs, singleexponential fits to data at low temperatures were unacceptable as judged by the residuals. Biexponential fits also were unsatisfactory because the time constants were not reproducible among different sets of data and were poorly correlated with temperature or wavelength. A more suitable treatment was obtained by using the function A exp{-(kot)a} + B, where A, ko, a, and B are constants and 0 < a s 1. The "stretched-exponential" function exp{-(kot)a} has been used to describe the decay of transient species in glassy media (19) . If the stretched-exponential function is equated to a continuous distribution of single-exponential terms, f~flk)e&t'dk, the mean time constant is given by (T) = (1/ako)F(1/a), where r is the gamma function (19) . For a single-exponential decay a = 1 and (r) reduces to 1/ko. The curve-fitting procedure was tested by fitting synthetic data that included random noise. The correct time constant always was recovered (within ± 10%) with a usual spread in the value of a of ±0.1 about 1.0, but the spread in a could be as much as ±0.2 if the peak signal-to-noise ratio was s3. Because the signal-to-noise ratio in the experimental data generally was greater than 3, a systematic deviation of a from 1.0 is diagnostic of nonexponential kinetics.
RESULTS
The spectral changes in the 700-to 950-nm region are very similar in RCs of the native and mutant bacteria (Fig. 2) . The isobestic point near 800 nm is consistent with a transformation involving only two resolvable states, P* and P+H-. [The excitation pulses that we used were not well suited for resolving the additional transient that Holzapfel et al. (6) have interpreted as P+Bj; the pulses were somewhat too long and were at a wavelength (605 nm) that would excite BL and BM in addition to P.] The instantaneous formation of the stimulated-emission band is seen as a shoulder on the longwavelength side of the bleaching in the 870-nm region. After decay of the stimulated emission, there remains a Gaussianshaped bleaching of the 870-nm band. In all strains, this band sharpens and shifts to longer wavelengths with decreasing temperature, as described for native RCs (20) . At 77 K, the bleaching is centered at 890 nm. As stimulated emission decays, the signal at 760 nm evolves from an absorbance increase associated with P* to the bleaching that reflects reduction of HLStimulated-emission spectra can be obtained by subtracting the difference spectrum measured at long times (three to five lifetimes) from spectra measured at earlier times, after normalization to correct for changes in P* concentration (4) . We used the region on the short-wavelength side of the 870-nm band for the normalization on the assumption that the bleaching here contains no significant contribution from stimulated emission. At a given temperature, the shapes of the normalized emission spectra were very similar for the native and mutant RCs. With each strain, the spectrum narrowed and shifted to longer wavelengths as the temperature was lowered. The emission maximum moved from -915 nm at 295 K to 935 nm at 77 K.
To determine the peak positions and width of the stimulated-emission spectra quantitatively, we fit the spectra to a log-normal function (21) . In the native and (M)Y21OF RCs, the peak position and width were essentially invariant in time up to at least one lifetime. This result indicates that the 0. (Fig. 3 , Upper right), but at 77 K the emission maximum shifted by -3.5 nm to shorter wavelengths during the first few picoseconds (Fig. 3 , Upper left). The bandwidth appeared not to change. Plotting the deviation from the final peak frequency as a function of time and assuming an exponential time dependence gave a time constant of 3.0 ± 1.5 ps for the shift. The amplitude spectra derived by fitting the decay kinetics of the stimulated emission at various wavelengths across the band shift similarly (Fig. 3, Lower left) . (These latter spectra take into account the wavelength-dependent time shift between the excitation and probe pulses.) At room temperature, the initial electron-transfer reaction in native (R-26 and WS231) RCs was found to proceed with a time constant (TIET) of 3.5 ± 0.3 ps; this result agrees well with several reports (4, 6, 23) but is somewhat longer than the time constant of 2.8 ps reported by Martin and coworkers (5, 24) . The decay of stimulated emission in the 915-nm region and the development of the bleaching in the 760-nm region both were well fit to single-exponential decays with the same TIET within experimental error. As temperature was lowered, the rate constant kIET (=1/TIET) increased in both of these strains (Fig. 4 Top), as has been found before with R-26 (4, 24) . In contrast to an earlier report that the decay of P* at 77 K was faster in 60% glycerol than in a poly(vinyl alcohol) film (4), we found that the temperature dependence of kIET in the two types of samples was essentially the same.
When tyrosine (M)210 is replaced by phenylalanine, TIET increases ;3-fold to 10.5 ± 1.0 ps at room temperature. In the (M)Y2101 RCs, TIET is increased further to 16 ± Biophysics: Nagarajan et al.
-0. Proc. Natl. Acad. Sci. USA 87 (1990) 7891 the addition of random noise to synthetic exponential decay data made a depart from 1.0. However, this effect was significant only when the signal-to-noise ratio was relatively low; the experimentally determined values of a were consistently <1, regardless of signal-to-noise ratio. For (M)Y2101, departure of a from 1.0 and the wavelength-dependence of a and (<) can be attributed partly to the time-dependent shift in the emission spectrum. In (M)Y210F RCs, where a spectral shift was not resolvable, (T) was virtually unchanged across the emission band, but a again was <1. The most dramatic difference between the wild-type and mutant RCs is in the temperature dependence of kIET (Fig. 4) . In (M)Y210F, kIET is independent of temperature. In ( The phenolic OH group of tyrosine-(M)210 can interact electrostatically with the pigments in its vicinity (10, 26) , while the phenyl ring could possibly provide a pathway for the electron from P* to HL. If electrostatic interactions involving the OH group are the most critical in determining electron-transfer rate, one might expect similar changes in rate when the tyrosine is replaced by either phenylalanine or isoleucine. On the other hand, if the tyrosine acts as a conduit for the electron, then substitution by phenylalanine might be predicted to have much less effect on rate than substitution by isoleucine. Neither of these limiting hypotheses is fully consistent with experimental results. The rate constant measured at 295 K decreased =3-fold when tyrosine was replaced by phenylalanine and -5-fold with isoleucine. This result suggests that electrostatic interactions with the phenolic group and electron conduction both could be important factors in determining the rate. But this analysis presupposes that the mutations modify the side chain of residue (M)210 without causing any rearrangement of consequence of the surrounding structure, which may not be the case. Because the isoleucine side chain is less rigid and somewhat smaller than those of tyrosine and phenylalanine, this side chain could cause a greater rearrangement of the local protein structure, thus influencing the electron-transfer rate in ways difficult to predict. Free-energy-perturbation calculations, in which the structure is allowed to relax in response to the mutation, indicate that (i) replacing tyrosine-(M)208 in the Rp. viridis structure by phenylalanine probably causes a somewhat smaller increase in the energy of P+Bj than one expects from the static crystal structure and (ii) mutation to isoleucine would result in a greater increase in the energy (26) .
The observation that the initial electron-transfer reaction in native RCs increases in speed with decreasing temperature has been explained by postulating that the potential-energy curve of the product state crosses the curve for the reactant near the latter's minimum (27) (28) (29) (30) . (For an alternative view, see ref. 23 .) If intersection of the potential-energy curves occurs well above the minimum of the reactant curve, the reaction will require thermal activation. For an intermediate value of the barrier energy Eb (measured from bottom of the reactant curve), the reaction will be temperature-independent (30) . Even when Eb is large, however, the rate can become temperature-independent at low temperatures when nuclear tunneling dominates. If the initial product state is P+Bj (6, 10, 31) We can obtain an estimate of Eb in (M)Y210I RCs from the activation energy for electron transfer at high temperatures (Fig. 4 Bottom). After subtracting the low-temperature (tunneling) rate constant from the data between 240 K and 295 K, the apparent activation energy is 1. An alternative explanation for our results could be given in terms of the superexchange mechanism of electron transfer (4, (31) (32) (33) . In this mechanism, the function of BL or the protein is to couple the reactant and product states electronically. The coupling strength will vary as the inverse of the energy (Eit) of the virtual intermediate state (for example, P+Bj), measured from the point of intersection of the potential energy curves of P* and P+H-. If the mutations increase Ejnt so that E1nt(WS231) < E1nt[(M)Y210F] < E1nt-[(M)Y2101], then at a given temperature kIET would decrease going from left to right. Because temperature dependence of kIET would hinge primarily on the energy of the intersection point between P* and P+Hj-, the superexchange mechanism would require that the mutations also raise the energy of P+H-relative to P*. However, the phenolic group of tyrosine-(M)210 is farther from HL than it is from BL (Fig. 1) , and electrostatics calculations on the Rp. viridis structure suggest that replacing the tyrosine by phenylalanine would have less effect on the energy ofP+H-than on the energy of P+Bj (10) . The temperature dependence of kIET also could reflect thermal expansion of the protein and consequent changes in the electronic coupling of P. BL, and HL.
The nonexponential reaction kinetics seen in the mutant RCs at low temperatures could result partly from conformational heterogeneity. Such heterogeneity might occur in the mutants, where a tyrosine is replaced by a residue that is somewhat smaller and that lacks the stabilizing influence of the rigid aromatic ring or the phenolic OH group. Its effects might be most evident at low temperatures, where interconversions among different conformational states would occur relatively slowly. Conformational heterogeneity also could Proc. Natl. Acad. Sci. USA 87 (1990) account for the shifting of the stimulated-emission spectrum to shorter wavelengths in the (M)Y210I RCs during the first few picoseconds after excitation. If RC molecules with conformations favorable for charge separation corresponded to the long-wavelength side of the emission spectrum, then that side of the band would decay faster than the shortwavelength side, leading to an apparent shift of the emission spectrum. However, comparison of the absorption-band shapes of the native and mutant RCs at 77 K reveals no evidence of enhanced spectral heterogeneity. That width of the normalized emission spectrum remains constant also is more consistent with a true shift of the emission than with a selective depletion of components on the long-wavelength side.
It is unclear whether the blue-shift seen with the mutant RCs reflects a process relevant to the electron-transfer kinetics, such as the vibrational relaxation of P*. Spectral shifts of excited molecules in solution often result from reorientation of polar solvent molecules but usually proceed in the direction of lower energies. The stimulated emission from monomeric bacteriochlorophyll in propanol, for example, shifts =10 nm to longer wavelengths after excitation (34) . However, in a multidimensional system, the energy of a mode coupled to the optical transition could increase, while the excited system as a whole relaxes. In our experiments, the shift was obvious only in the (M)Y2101 mutant at low temperatures, but this result could be simply because the relatively long lifetime of P* in this strain provides a wide experimental window for the measurements. Sharpening of the emission band at low temperatures also would make it easier to resolve the shift. However, as just mentioned, the smaller and more flexible side chain of isoleucine may also allow the RC to undergo larger changes in conformation after excitation.
The long lifetime of P* in the mutant RCs puts an upper limit on the rate of nonradiative decay of P* to ground state. Fig. 2 shows that for (M)Y210F RCs at room temperature, bleaching on the short-wavelength side of the 870-nm band does not reverse significantly during the lifetime of P*. Similar results were obtained for all three strains at all temperatures. Because a reversal of 5% of bleaching probably could have been resolved, the time constant for decay to ground state appears at least 20-fold greater than the measured lifetime of P*. The decay time in (M)Y2101, therefore, must be at least 0.3 ns at 295 K and at least 1 ns at low temperatures. Because a charge-transfer state mixed in with P* can couple the ground and excited states of P electronically (33), the slow decay probably reflects the poor FranckCondon overlap resulting from the large energy gap (33 kcal/mol) between the two states.
